Abstract. This study was designed to determine whether leptin modulates growth hormone (GH)-and insulin like growth factor-I (IGF-I)-stimulated progesterone (P4) production by corpora lutea (CL). Luteal cells were recovered from early developing (ELP) and mature (MLP) corpora lutea and cultured in defined medium with various combinations of GH, IGF-I, and leptin (0-200 ng/ml). P4 concentrations in the media were determined after 48 h of culture. During the early luteal phase, leptin at all used doses had no effect on basal P4 secretion, but it did suppress caspase-3 activity. When added in combination with GH, it had no effect on either GH-stimulated P4 secretion or apoptosis. Concomitant treatment with IGF-I and leptin decreased P4 secretion and parallelly increased the apoptosis rate. In mature corpora lutea of full secreting capacity, leptin at all doses had no effect on basal and GH-stimulated P4 secretion and caspase-3 activity. Only at the highest dose (200 ng/ml) when leptin was added with IGF-I did P4 secretion decrease with no effect on the caspase-3 activity. We conclude that the role of leptin is to restrict the stage of CL formation. During this luteal phase, leptin acts as an antiapoptotic factor and, at the same time, reverses antiapoptotic action of IGF-I, thereby protecting cells from excessive apoptosis and supporting retention of appropriate cell numbers, which is necessary for maintenance of homeostasis in developing CL. Key words: Caspase-3 activity, Corpus luteum, Growth hormone (GH), Insulin-like growth factor-I (IGF-I), Pig, Progesterone (J. Reprod. Dev. 51: [727][728][729][730][731][732][733] 2005) eptin mediates transmission of information about nutritional status to centers that control the function of the reproductive system. The porcine leptin receptor complementary DNA has be en clo ned and se que nce d, an d th e gen e expression evaluated in the porcine ovary [1] . The authors of the related report showed the presence of leptin mRNA in porcine corpus luteum, theca, and granulosa cells. In a recent paper [2], a biphasic effect was shown for leptin. The authors of the report measured progesterone (P4) production by cultured porcine granulosa cells isolated from ovaries of prepubertal gilts and showed that leptin at 10 ng/ml increased P4 production, while a dose of 1000 ng/ml decreased it. In vivo serum leptin concentrations rise during the follicular phase and reach their peak during the luteal phase of the spontaneous cycle [3] . We previously showed a direct, maturation-dependent
eptin mediates transmission of information about nutritional status to centers that control the function of the reproductive system. The porcine leptin receptor complementary DNA has be en clo ned and se que nce d, an d th e gen e expression evaluated in the porcine ovary [1] . The authors of the related report showed the presence of leptin mRNA in porcine corpus luteum, theca, and granulosa cells. In a recent paper [2] , a biphasic effect was shown for leptin. The authors of the report measured progesterone (P4) production by cultured porcine granulosa cells isolated from ovaries of prepubertal gilts and showed that leptin at 10 ng/ml increased P4 production, while a dose of 1000 ng/ml decreased it. In vivo serum leptin concentrations rise during the follicular phase and reach their peak during the luteal phase of the spontaneous cycle [3] . We previously showed a direct, maturation-dependent action of leptin on growth hormone (GH)-and insulin-like growth factor-I (IGF-I)-stimulated follicular steroidogenesis [4] . Moreover, we showed that leptin acted synergistically with GH and IGF-I in the luteinization process, which starts before follicular disruption, suggesting a role for leptin in transformation of follicles to corpora lutea (CL) [4] .
In order to confirm this theory, we studied the role of leptin in P4 secretion by CL collected during the natural estrous cycle of the pig. Moreover taking into account the proposed relationship between leptin, reproductive functions, and energy balance, we studied the action of leptin on P4 secretion in GH-and IGF-I-supplemented cultures. Additionally, because a role of leptin [5] as an antiapototic factor in follicles has been suggested, we studied the influence of different doses of leptin on cell apoptosis under basal conditions and with GH or IGF-I stimulation.
Materials and Methods

Reagents
Parker medium (M199) and PBS were obtained from Biomed (Lublin, Poland). Antibioticantimycotic solution was purchased from SigmaAldrich Chemical Co. (St. Louis, MO, U.S.A). Ovine GH was prepared in the lab of Professor Gertler at the Institute of Biochemistry, Food Science and Nutrition (Rehovot, Israel). Its biological activity was equal to that of human GH, a s d o c u m e n t e d u s i n g FD C -P 1 c el l s s t a b l y transfected with rabbit GHR [6] . IGF-I was prepared in the lab of Dr. Monsanto, and its biological activity w as documen ted usin g undifferentiated mammary epithelial cells cultured in collagen, in serum-free medium [7] , and human mammary cell line MME-L1 [8] . Ovine leptin ( o L E P ) w a s p r e p a r e d a t t h e I n s t i t u t e o f Biochemistry, Food Science and Nutrition and was a gift from Professor Gertler. The details concerning the source of the leptin were desribed in a paper by Gertle et al. [9] .
Cell cultures
Ovaries obtained from Large White sows from a local slaughterhouse immediately after slaughter were placed in PBS and transported to the laboratory. The phase of the estrous cycle was d e t e r m i n e d a c c o r d i n g t o t h e e s t a b l i s h e d morphological criteria [10] . Luteal cells were obtained from pools of freshly excised newly forming corpora lutea (ELP; 1-3 days after ovulation) and mature (MLP; 10-14 days after ovulation). Dissected CLs from each animal were enzymatically dissociated according to our own technique [11] . Briefly, luteal tissue was first minced mechanically and exposed to trypsinization with 6-7 ml 0.25% trypsin in PBS for 10 min at 37 C. Subsequently, the cells were separated by decantation and the procedure was repeated three t i m e s . F i n a l l y , t h e c e l l s w e r e s p u n a n d resuspended in M199 medium supplemented with 5% calf serum to yield a suspension of 3.5 × 10 5 cells/ml medium. Cell viability measured using the trypan blue exclusion test was 85%. Cells were grown in multiwell plates (Nunc, Biokom Systems, Janki k/Warszawy, Poland) in a humidified atmosphere containing 5% CO2 in air. A minimum of three different experiments (n=3), each, were conducted in triplicate.
Experimental procedure
In Exp.1 (n=5 pigs), cells isolated from CLs collected at 2 different stages of the luteal phase were plated separately into 24-well plates and cultured for 48 h without hormones (control), or were incubated with different doses of leptin (2, 20, or 200 ng/ml). After 48 h, all cultures were terminated, the media were frozen until further progesterone analysis, and the cells were frozen for measurement of caspase-3 activity.
In separate studies (Exp. 2; n=4 pigs), cells were cultured for 48 h with GH (100 ng/ml) or GH combined with leptin at the game concentrations as above. After 48 h, all cultures were terminated, the media were frozen until further P4 analysis, and the cells were frozen for measurement of caspase-3 activity.
In Exp. 3 (n=5 pigs), cells were cultured for 48 h with IGF-I (30 ng/ml) or IGF-I combined with leptin at the same concentrations as above. After 48 h, all cultures were terminated, the media were frozen until further P4 analysis, and the cells were frozen for measurement of caspase-3 activity.
The dose of GH and IGF-I was chosen based on our previous results (Ptak et al., 2004 ) that showed the same magnitudes of caspase-3 activity inhibition under the influence of all doses used of GH (10, 100, and 200 ng/ml) and IGF-I (10, 30, and 50 ng/ml).
P4 concentration analysis
P4 in the culture medium was assayed using a direct enzyme immunoassay (EIA), as described previously [12] . Antiserum to P4 was used at a final dilution of 1: 60,000. Horseradish peroxidase (HRP)-labeled P4 was used at a final concentration of 1:100,000. The standard curve range was from 0.39 to 100 ng/ml, and the effective dose for 50% inhibition (ID) of the assay was 4.5 ng/ml. The intra-and inter-assay coefficients of variation were 6.6 and 9.2%, respectively.
Caspase-3 activity measurement
Cultured luteal cells were lysed with a lysis buffer containing 50 nM Hepes, pH 7.4, 100 nM NaCl, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS), 1 nM ethylenediaminetetraacetic acid (EDTA), 10% glycerol, and 10 nM DL-threo-1,4-dimercapto-2,3-butanediol (DTT). Lysates were incubated with caspase-3 substrate Ac-DEVD-pNA (N-AcetylAsp-Glu-Val-Asp p-nitroanilide; Sigma) at 37 C. After 1 h, the absorbance was measured at 405 nm using a micro ELISA plate reader (Bio-tek Instruments, Vermont, USA).
Data were analysed with the KC4 v 3.4 software ( B i o -t e k I n s tr u m e n t s ) , n o r m a l i s e d t o t h e absorbance in vehicle-treated cells, and expressed as the absorbance from 8 separate samples ± SEM.
Statistical analysis
The number of replicates per treatment was 12.
Since the variations between the experiments were small, these 12 results were analyzed by ANOVA followed by Duncan's new multiple range test. Each average (n=12) is expressed as a mean ± SEM.
Results
Exp. 1: Effect of treatment with leptin on basal and GH-and IGF-I-stimulated P4 secretion and cell apoptosis in luteal cells collected from developing CLs (ELP)
Leptin at all used doses had no effect on basal P4 secretion, and suppression of caspase-3 activity was observed in cultures supplemented with 2, 20, and 200 ng/ml of leptin. Defining the caspse-3 activity in control cultures as 100%, all used leptin doses decreased activity to 46% (P<0.01; Fig. 1a ). GH at a dose of 100 ng/ml caused a 1.6-fold increase (3.8 ng/ml vs. 2.4 ng/ml in the control culture; P<0.05) in the basal P4 secretion and suppressed caspase-3 activity (to 60%; P<0.05). Leptin added in combination with GH had no effect on either GH-stimulated P4 secretion or apoptosis (Fig. 1b) . A two-fold increase in P4 secretion (5.3 ng/ml vs. 2.65 ng/ml of the control; P< 0.01) and a 1.4-fold decrease in the apoptotic cell rate was noted under the influence of IGF-I (P<0.05; Fig. 1c ). Concomitant treatment with leptin (at doses of 20 and 200 ng/ml of leptin) decreased IGF-I- 
Exp. 2: Effect of treatment with leptin on basal, and GH-and IGF-I-stimulated P4 secretion and cell apoptosis in luteal cells collected from mature CL
Leptin at all doses had no effect on the basal P4 secretion and caspase-3 activity (Fig. 2a) . GH at a dose of 100 ng/ml caused a 3.7-fold increase (25.27 ng/ml vs. 6.75 ng/ml in the control culture; P<0.01) in the basal P4 secretion and suppressed caspase-3 activity (to 65%; P<0.05). Leptin added in combination with GH had no effect on either GHstimulated P4 secretion or apoptosis (Fig. 2b ). IGF-I had no effect on P4 secretion by cells collected from MLP (Fig. 2a) , while suppression of caspase-3 activity was observed in cultures supplemented with IGF-I (to 60%; P<0.05). Leptin added jointly with IGF-I only at the highest dose used (200 ng/ ml) decreased IGF-I-stimulated P4 secretion (3.82 ng/ml vs. 6.76 ng/ml of control; P<0.01) with no effect on the caspase-3 activity (Fig. 2c) .
Discussion
We previously showed that only adding leptin to the culture media caused a decrease in the basal estradiol secretion with a concomitant increase in P4 secretion in preovulatory follicles [4] . Moreover, combined with GH or IGF-I, it augmented P4 secretion to a statistically significant degree. We hypothesized that leptin at this stage of follicle development acted with other hormones to change follicles into corpora lutea. This hypothesis is supported by 1) the data of Hardie et al. [3] who showed an increase in leptin levels during t r a n s f o r m a t i o n f r o m t h e f o l l i c u l a r t o t h e preovulatory phases, with a peak in the luteal phase 1.5 time higher than in the follicular phase; 2) the observation that the leptin receptor in porcine granulosa cells increased with luteinization in vivo and in vitro [1] and 3) the results of our previous studies showing a synergistic action of leptin with FSH in influencing 17β estradiol (E2) secretion by small and medium size follicles and with LH in affecting P4 secretion by large size follicles [13] .
The results of the present studies indicate the following: first, that during the first 3 days after ovulation, leptin has no effect on basal or GHinduced P4 secretion, but decreases IGF-I-induced P4 secretion by developing CLs. Moreover, leptin decreases apoptosis in control culture, has no effect on GH induced apoptosis, but does increase apoptosis in IGF-I stimulated cells. Second, that in mature corpora lutea of full secreting capacity, leptin has no effect on steroidogenesis and apoptosis. To date, no study has reported a direct action of leptin on CLs in pigs. Most reports suggest that the d i r e c t e f f e c t o f l e p t i n o n g r a n u l o s a c e l l steroidogenesis is inhibitory and can be reversed by gonadotropin, insulin, and IGF-I [14, 15] . In vitro studies conducted on thecal and granulosa cells showed that leptin had a negative effect on ovarian steroid output, both in rodent and in bovine models. It has been found that leptin inhibits insulin-induced P4 and E2 production by isolated bovine granulosa cells [16] and prevents insulininduced P4 and androstenedione secretion by bovine granulosa cells [17] . However, CLs are comprised of granulosa and theca cells and it has been shown previously [11] that cells isolated from CLs formed in vivo are not identical to granulosa cells luteinized in the culture. In our experiments, we used luteal cells collected from CLs in which both types of cells were present in culture. Most importantly, the CLs formed in vitro by granulosa cell do not contain theca cells that participate in CLs formation. The most recent data from Tajima et al. [18] suggested that theca cells regulate the fate of g r a n u l o s a c e l l s t h r o u g h o u t t h e f o l l i c u l a r maturation process by secreting factors that suppress apoptosis. The influence of leptin mainly on developing CLs, observed in the present work is in accordance with the findings of Loffler et al. [19] , who showed a high number of leptin-positive luteal cells in early CL, and a decrease in them in the secretory stage. Hardie et al. [3] also showed an increase in leptin levels during transformation from the follicular to postovulatory phases, and the levels peaked in the luteal phase to a level 1.5 times higher than in the follicular phase. This was also confirmed by strong and moderate leptin mRNA signals, respectively, in developing and secretory CL. In light of the present results, it is possible to reconcile the positive correlation between occurrence of the leptin receptor and the role of leptin in luteal cell steroidogenesis.
The other interesting finding of this research is demonstration of the action of leptin on IGF-Istimulated cells collected from developing CLs. A decrease in P4 secretion with a parallel increase in cell apoptosis was noted. We previously showed [20] that there was a direct and cycle stagedependent influence of IGF-I on steroidogenesis in porcine luteal cells, suggesting that IGF-I might exert some regulatory action during corpus luteum development in the pig. Furthermore, Gadsby et al. [21] and Nicholson et al. [22] showed that IGF-I was produced within the porcine corpus luteum and was thought to play an autocrine/paracrine role in CL development/function during the early luteal phase. As has been showed by Ge et al. [23] in porcine corpora lutea, IGF-I concentrations (ng/g tissue) are maximal on day 4 and gradually d e c r e a s e t h e r e a f t e r . A l s o s e r u m I G F -I concentrations (ng/ml) are highest on days 4 and 7, compared with days 10-15.
The inhibitory action of leptin on IGF-Istimulated P4 secretion by early developing CLs, noted in the presented study is in accordance with the findings of Brannian et al. [24] who showed that leptin inhibited HCG-stimulated P4 production by human luteinized GC, but did not alter basal steroidogenesis. Moreover, they showed that the inhibitory effect of leptin on gonadotrophinstimulated P4 production only manifested in the presence of insulin and concluded that leptin i n h i b i t e d g o n a d o t r o p h i n -s t i m u l a t e d G C p r o g e s t e r o n e p r o d u c t i o n b y a n a p p a r e n t antagonizing insulin action. The novelty of this work consists not only of the demonstration of an inhibitory action of leptin on IGF-I-stimulated P4 secretion by newly formed CLs, but also the demonstration of its inhibitory action on cell a p o p t o s i s u n d e r b a s a l c o n d i t i o n s a n d i t s stimulatory action on cell apoptosis in IGF-I stimulated cells. The present results suggest that a possible mechanism of inhibitory action of leptin in IGF-I-stimulated cells has an impact on apoptosis.
Ovarian cell death is an essential process for homeostasis of ovarian functions in mammal species. Taking into consideration the results of the presented data, it is possible to hypothesize that leptin regulates apoptosis during CL development. Degeneration of the old, but not newly formed CLs in each estrous/menstrual cycle by programmed cell death is essential to maintain the normal estrous cyclicity of ovarian steroidogenesis. Leptin given alone acts as an antiapoptotic factor, when combined with IGF-I, a known antiapoptotic factor, it protects against excessive apoptosis, supporting the appropriate cell number necessary for maintenance of homeostasis in developing CL. These relationships have not been observed in mature CLs of full secretory capacity. The role of leptin at this stage of the luteal phase seems to be insignificant. Leptin decreased P4 secretion in IGF-I-stimulated cultures only at the highest dose (200 ng/ml).
In summary, the present findings provided conclusive proof of restriction of the role of leptin to the early stage of CL formation. At that time, leptin acts as antiapoptotic factor and protects from IGFstimulated P4 overproduction probably by inhibition of the antiapoptotic action of IGF-I. This is in accordance with the hypothesis presented in our previous paper [4] . In it, we suggested that the decreased E2 secretion in preovulatory follicles with concomitantly increased P4 secretion under the influence of leptin evidenced its action in the process of luteinization, which starts just before ovulation, and that leptin participated in the transformation follicles into CL, as reported by Ruiz-Cortes et al. [2] .
